Introduction
The control of mRNA translation plays a key role in regulating gene expression under a wide range of circumstances in eukaryotic cells, and to a lesser extent in bacteria. The field has grown enormously in recent years and I will therefore only attempt to give a general overview of the types of translational regulation which occur, discuss some of the situations in which it is important and outline some of the mechanisms by which it is achieved. AAAAAAAAAA untranslated region (5Ј-UTR, also called the 5Ј-leader) of an mRNA may contain features important in regulating its translation; for example, stable stem-loops in the 5Ј-UTR are inhibitory. Sequence elements in the 3Ј-UTR also often play key roles in regulating mRNA translation or stability, and the length of the polyadenylated [poly(A)] tail is also important in regulatory translation.
Initiation of translation is generally considered to be of prime importance in regulating translation. Eukaryotic initiation factor 4E (eIF4E) binds to the 5Ј-cap structure and forms a complex with the scaffolding protein eIF4G [1, 2] . eIF4A can unwind double-stranded (ds)RNA and binds to eIF4G/4E to form eIF4F. As part of eIF4F, eIF4A efficiently unwinds secondary structures and thus facilitates mRNA translation. The 40 S subunit binds a ternary complex of eIF2, GTP and the initiator methionyl-tRNA (Met-tRNA i ) to form the 43 S initiation complex. The anti-codon on the Met-tRNA i recognizes the start codon (usually the first AUG in the mRNA). Although the precise details of the process remain to be established, it is now generally accepted that the 43 S complex (perhaps in association with other eIFs) 'scans' along the mRNA, starting at the 5Ј-end, to locate the start codon. Stem-loops in the 5Ј-UTR thus probably interfere with translation by impairing the movement of the scanning initiation complex. Some mRNAs utilize a quite different 'internal ribosome entry' mechanism (see later).
Examples of specific types of translational control

Regulation of mRNA translation by nutrients
In Saccharomyces cerevisiae, amino acid starvation leads to increased expression of the genes that encode enzymes involved in amino-acid biosynthesis. This effect involves a dramatic increase in the translation of the mRNA for a transcriptional activator protein, Gcn4p, and requires the product of the GCN2 gene, the protein kinase Gcn2p [3] . Gcn2p phosphorylates the smallest subunit (␣) of eIF2 at a single serine residue in a sequence that is highly conserved among eukaryotic organisms (Figure 2a ). eIF2(␣P) is a potent competitive inhibitor of eIF2B, a multi-subunit protein that regenerates active eIF2•GTP from inactive eIF2•GDP by a process of nucleotide exchange. Therefore, phosphorylation of eIF2 reduces the amount of active eIF2 in the cell and impairs the ability of the 40 S subunit to acquire Met-tRNA i . This underlies the 'trick' by which an effect that impairs overall initiation actually brings about an increase in the translation of the mRNA for Gcn4p. Its 5Ј-leader contains four upstream open reading frames (uORFs), i.e. short coding sequences each equipped with their own start and stop codons. The 43 S complexes are thought to recognize the initial AUG in the GCN4 mRNA, leading to translation of uORF1 and termination at its stop codon, as expected. It is believed that the ribosomal subunits remain associated with the mRNA and recommence scanning. This requires eIF2•GTP•Met-tRNA i . If eIF2 activity is high, ribosomes will quickly reacquire Met-tRNA i and recognize the AUG of a subsequent uORF. However, once this uORF has been translated, the ribosomes leave the mRNA and therefore do not reach the GCN4 ORF which lies downstream. Gcn4p is therefore not produced. If, however, eIF2 activity is low, due to activation of Gcn2p and phosphorylation of eIF2␣, for example, ribosomes will not readily acquire Met-tRNA i and some will move beyond uORF4 before doing so. They will therefore remain bound to the mRNA. If they subsequently bind eIF2 and Met-tRNA i , they are able to recognize the start of the main GCN4 ORF and translate it. Thus reducing eIF2 activity has the apparently paradoxical effect of increasing the translation of the downstream GCN4 ORF.
Many other mRNAs also possess uORFs, although these are frequently single uORFs rather than the multiple ones found in the GCN4 mRNA. None has been studied in as much detail and no other mRNA has yet been convincingly shown to be regulated in a similar way. Since animals possess Gcn2 homologues, and other eIF2 kinases, it seems likely that similar mechanisms await discovery in higher organisms. There are mammalian examples where uORFs modulate translation of a downstream ORF, but not in the same way as described above for GCN4 [4] .
A further mechanism by which nutrients regulate translation initiation involves the proteins known as TOR (in yeast) or mTOR (in mammals) (Figure 2b ) [5] . TOR stands for target-of-rapamycin, rapamycin being an immunosuppressant compound which, when complexed with a binding protein, inhibits the (unknown) function of (m)TOR. In both mammals and yeast, the TOR proteins are involved in signalling events that regulate mRNA translation and respond to nutrient availability. In yeast, rapamycin causes profound inhibition of translation initiation. In mammals, mTOR regulates sever- AA-tRNA al proteins involved in mRNA translation, including the eIF4E-binding proteins (4E-BPs), whose binding to eIF4E blocks formation of eIF4F [6] . Insulin and other agents bring about the phosphorylation of 4E-BPs, allowing them to dissociate from eIF4E, thereby facilitating eIF4F formation [6, 7] . In several cell types, these effects require amino acids to be present in the medium. Amino acids also serve to maintain the basal level of 4E-BP phosphorylation and thus exert a form of 'feed-forward' activation of eIF4F formation, which makes excellent physiological sense as amino acids are the precursors for protein production.
Rapid regulation of the translation of specific mRNAs
The translation of many mRNAs is subject to short-term regulation by hormones or environmental conditions. One group is the 5Ј-TOP mRNAs, where TOP stands for 'tract of pyrimidines' to denote that they contain a sequence of such nucleotides at their extreme 5Ј-end ( Figure 3a ) [8] . These mRNAs generally encode ribosomal proteins and other components of the translational machinery. In serum-deprived cells, 5Ј-TOP mRNAs are poorly translated. Treatment of the cells with serum causes them to bind ribosomes and shift into polyribosomes. How does serum bring about the activation of their translation? The effect is blocked by rapamycin, indicating an involvement of mTOR. The available evidence suggests that the mechanism involves a protein kinase that phosphorylates the 40 S subunit protein S6, termed p70 S6 kinase, which is regulated via the mTOR pathway ( Figure 2b ). S6 is located close to the mRNA binding site in the 40 S subunit, and its phosphorylation may facilitate the binding or translation of the 5Ј-TOP mRNAs. Since mTOR function is apparently regulated by amino acid availability, this mechanism allows amino acids to positively regulate ribosome synthesis, which makes excellent sense in terms of the cellular economy.
The mRNAs for a number of growth factors, transcription factors and other proteins linked to cell proliferation are predicted to contain stable stemloops within their 5Ј-UTRs (Figure 3b ) [9, 10] . Such mRNAs are likely to be regulated by the availability of the eIF4F complex, which contains the helicase eIF4A. Indeed, the translation of mRNAs with structured 5Ј-UTRs is enhanced by overexpression of eIF4E, which should favour eIF4F formation. Particularly exciting findings in relation to this are that eIF4E overexpression can lead to malignant transformation of cells, and eIF4E levels are high in some cancer cells, especially in more 'aggressive' tumours. Elevated levels of eIF4E may facilitate expression of growth-associated proteins, contributing to the aberrant growth properties of tumour cells.
Ferritin is required for storage of iron. It is important to capture iron when available, not only because it is essential for the production of haemoproteins, such as haemoglobin and cytochromes, but also because iron ions are toxic. Ferritin synthesis is rapidly enhanced in response to increased availability of iron, without a corresponding change in mRNA levels, indicating that iron enhances ferritin mRNA translation [11] . Ferritin mRNAs contain a highly conserved, but not very stable, stem-loop within their 5Ј-UTRs (Figure  3c ), termed the iron-response element (IRE). Elegant experiments have demonstrated that the IRE inhibits basal mRNA translation and confers sensitivity to iron. It does so by interacting with a protein, the IRE-binding protein, which stabilizes the loop and thus causes it to inhibit translation (presumably by blocking scanning; see above). Upon binding iron, the IRE-binding protein loses its ability to bind to the mRNA, rendering the stem-loop less stable and facilitating efficient translation of the mRNA. Iron thus promotes the synthesis of the protein which stores it!
Translation in virus-infected cells
Viruses do not possess their own translational machinery and must therefore utilize that of the host cell in order to produce the proteins that they encode. Viruses must ensure that their mRNAs are translated efficiently and, in certain cases, shut off host-cell protein synthesis, to maximize translation of their own mRNAs. An excellent example of both phenomena is provided by the Picornaviridae, RNA viruses which possess one mRNA encoding all the polypeptides required for viral replication/production as a polyprotein [12] . This is later cleaved into various smaller peptides. Examples include poliovirus (PV), foot and mouth disease virus and hepatitis C virus. Picornaviral mRNAs are not capped, but instead have a protein at their 5Ј-end and possess long and highly structured 5Ј-UTRs (Figure 4 ). These features suggest that their translation must occur by a mechanism different from normal cap-dependent scanning. It is now well established that their 5Ј-UTRs contain a so-called internal ribosome entry site, which allows 40 S subunits to bind to the mRNA such that they are positioned at or near the start codon without scanning. In contrast, translation of cellular messages is severely inhibited in infected cells. Why? PV infection results in cleavage of eIF4G, such that the region which interacts with eIF4E is separated from that which binds eIF3 and eIF4A. This results in inhibition of translation of capped mRNAs, which require eIF4E to form eIF4F complexes, but not of PV mRNA, which, being uncapped, does not. Thus, at a stroke, PV accomplishes both its aims -inhibition of host translation and facilitation of the translation of its own mRNA. Such internal ribosome entry site elements are present not only in the mRNAs for other picornaviruses, but also in several cellular mRNAs. This should allow such mRNAs to continue to be translated in situations where cap-dependent translation is inhibited, such as conditions of nutrient or serum starvation, or certain stress conditions. It is clearly important for host cells to try to prevent viral replication. One way in which they do this involves the dsRNA-activated protein kinase, PKR, which phosphorylates eIF2␣ at the same site as GCN2, thus inhibiting eIF2B and translation initiation [13, 14] . PKR is induced by interferon as part of the anti-viral response, but only becomes active in the presence of dsRNA, generated during virus infection. PKR activation inhibits protein synthesis, thus preventing viral replication. However, viruses fight back. Some block activation of PKR by producing proteins that bind dsRNA (vaccinia virus), or dsRNA molecules that bind to but do not activate PKR (adenovirus). Others produce or activate proteins which block PKR activity (influenza, vaccinia). Herpes simplex virus activates the phosphatase that dephosphorylates eIF2␣ 
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Internal ribosome entry sequence Ribosomal complex enters at or just upstream of start AUG ORF-encoding polyprotein 3Ј VPg and opposes the action of PKR. The fact that viruses possess such varied ways of tackling PKR testifies to its importance in blocking viral replication.
Overall activation of protein synthesis
So far we have dealt mainly with mechanisms by which the translation of specific mRNAs, or subsets of mRNAs, are regulated. How about overall protein synthesis? It is increased under a variety of conditions, e.g. by insulin and by other growth-promoting stimuli such as mitogens and growth factors. Cell division requires cells to attain a certain critical size (enough to form two daughter cells) and thus it is important that proliferative agents activate translation. Two translation factors required for the translation of all mRNAs are activated acutely, e.g. by insulin. These are eIF2B (which recycles eIF2, see above) and the eukaryotic elongation factor 2 (eEF2) [7] . Both are inhibited by phosphorylation at specific sites which undergo dephosphorylation in response to insulin.
As shown in Figure 5 (a), eIF2B is phosphorylated and inhibited by glycogen synthase kinase-3 (GSK-3), which is inactivated by insulin through a signalling pathway involving phosphoinositide 3-kinase and probably protein kinase B, which phosphorylates and inactivates GSK-3. This results in dephosphorylation and activation of eIF2B.
eEF2 is phosphorylated and inactivated by a specific protein kinase, eEF2 kinase [15] . eEF2 also undergoes rapid dephosphorylation in response to insulin; this correlates with the activation of elongation. Both effects are blocked by rapamycin, identifying eEF2 as a third target in translation for mTOR signalling and for regulation by amino acids as well as hormonal/mitogenic signals (Figure 2b ). eEF2 phosphorylation is increased by events which raise the levels of two important second messengers, Ca 2+ and cAMP, which activate eEF2 kinase either directly or indirectly. By inhibiting protein synthesis, these effects may help conserve ATP for other cellular processes, e.g. in skeletal or cardiac muscle where these second messengers are important in regulating contraction, a process of paramount importance for the survival of the animal and one which requires considerable metabolic energy (about 20% of total cellular ATP consumption).
Certain specific conditions also lead to inhibition of overall protein synthesis. Two such examples involve phosphorylation of eIF2␣ (Figure 5b ). In the absence of haem, reticulocyte protein synthesis is shut off, preventing wasteful production of unwanted globin. Shut-off is due to activation of an eIF2␣ kinase, the haem-controlled repressor HRI (haem-regulated inhibitor) [2] , which is inhibited by haem(in) and thus serves to link its availability to globin production. The second example involves the fourth known eIF2␣ kinase, which is resident in the endoplasmic reticulum (ER) membrane (PERK, for the PKR-like ER-resident kinase) [2, 16] . This kinase is believed to link protein folding/processing in the lumen of the ER to translation in the cytoplasm. Thus if the ER is overloaded and cannot keep pace with the arrival of proteins synthesized in the cytoplasm, PERK is activated. Its cytosolic domain phosphorylates eIF2␣, causing a pause in protein synthesis. Presumably, once the ER has caught up or recovered, PERK is switched off, allowing cytosolic translation to resume. The four known eIF2␣ kinases are thus all involved in switching off translation in responses to diverse stresses.
Localized mRNA translation during development
During early development, embryos must begin to define crucial developmental features such as their anterior and posterior poles. The regulation of the translation of certain maternal mRNAs is known to play a key role in this process, which has been studied most intensively in the fruit fly, Drosophila melanogaster [17] . Nanos protein is required for specification of the anterior-posterior axis in Drosophila embryos. Prior to fertilization of the egg, Nanos mRNA is present but is not translated. Translation of Nanos requires another protein, Oskar, which both localizes the Nanos mRNA to the posterior pole and permits its localized translation ( Figure 6 ). Oskar protein is made prior to fertilization and this depends on localization of Oskar mRNA to the posterior pole. Nanos regulates the translation of another mRNA (for Hunchback) by binding, together with a further protein Pumilio, to sequences in the 3Ј-UTR of the Hunchback mRNA and repressing its translation. Since levels of Nanos protein are higher towards the posterior pole of the embryo, Hunchback translation occurs primarily towards the anterior pole of the developing embryo. This leads to the accumulation of Nanos and Hunchback proteins in opposing concentration gradients ( Figure 6 ), with Hunchback protein accumulating at the anterior end of the embryo, where it represses transcription of abdomen-specific genes. These translation control mechanisms underlie the acquisition of anterior-posterior polarity. Their importance for normal development of the embryo is underlined by the observation that disruption of the control of Nanos translation, for example, results in abnormal patterning of the embryo, resulting, in the most severe cases, in the formation of two complete posterior abdomens in mirror-image with each other [17] .
Other types of translational control during development
Two further ways in which the translation of specific mRNAs is regulated during development involve unmasking and cytoplasmic polyadenylation [17] . Unmasking refers to the fact that some mRNAs, whose translation is turned on at specific stages during gametogenesis or embryonic development, appear to be sequestered as inactive messenger ribonucleoprotein complexes at earlier times. In other words, their translation is repressed by binding to proteins which dissociate at the appropriate time, thus allowing the mRNA to be translated. How is the association of these proteins with their mRNA partners regulated? Little is known about this beyond the fact that several such proteins are phosphoproteins suggesting that changes in their phosphorylation states may regulate mRNA binding. It is widely accepted that the 3Ј-poly(A) tail plays a key role in controlling the translation of certain mRNAs during gametogenesis and embryogenesis. Increased poly(A) tail length favours translation. The tails of a number of mRNAs are lengthened when they become translationally active, and when mRNAs with different tail lengths were microinjected into cells, those with long tails were found to be translated better. Tail length is regulated through the opposing actions of adenylating and deadenylating enzymes. How this is controlled is unclear, but sequences in the 3Ј-UTR are important in modulating tail length. How do longer tails facilitate mRNA translation? Recent data show that the 3Ј-and 5Ј-ends of mRNAs are brought together by the interaction of the poly(A)-binding protein (PABP) with eIF4F [18] . This may explain how tail length (and indeed proteins bound to the 3-UTR) can influence the translation initiation events occurring at the 5Ј end of the mRNA.
Perspectives
It is now clear that many mechanisms exist to regulate mRNA translation in eukaryotic organisms, and that control of mRNA translation plays an important role in regulating gene expression in response to varied stimuli and in diverse physiological situations. These mechanisms involve control of translation factors or components of the ribosome, or of proteins which interact with the 5Ј-or 3Ј-UTRs of the mRNA. A common feature of these mechanisms is that many, if not most, involve protein phosphorylation/ dephosphorylation. Many aspects still require clarification. How do the proteins which interact with the 3Ј-UTR exert their varied effects upon translation and poly(A) tail length (and on also mRNA stability, not discussed here)? How do the protein factors and RNA molecules really function at the molecular level in the process of mRNA translation and its control? An understanding of this requires knowledge of their three-dimensional structures and it is thus highly significant that the last 2-3 years have seen the determination of the structures of several translation factors. The signalling pathways linking the control of translation factors to cellular cues also remain to be elucidated in many cases, especially for the regulation by nutrients such as amino acids. Thirdly, there are undoubtedly many more mRNA-binding proteins awaiting discovery, for example those that interact with the 5Ј-UTR. 
Summary
